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ABSTRACT

Land managers are increasingly implementing strate-
gies that employ the use of firein prescribed burns to
sustain ecosystems and plan to sustain the rate of in-
crease in its use over the next five years. In planning
and executing expanded use of fire in wildland treat-
ment, it isimportant to estimate the human health and
safety consequences, property damage, and the extent
of visibility degradation from the resulting conflagra-
tion-pyrolysis generated gases soot and smoke during
flaming, smoldering and/or glowing fires. Traditional
approaches have often employed the analysis of weather
observations and forecasts to determine whether apre-
scribed burn will affect populations, property, or pro-
tected Class | areas. However, the complexity of the
problem lendsitself to advanced PC based model s that
are simple to use for both calculating the emissions
from the burning of wildland fuels and the downwind
dispersion of smoke and other products of pyrolysis,
distillation and/or fuelscombustion. These modelswill
need to addressthe effects of residual smoldering com-
bustion, including plume dynamics and optical effects.
In this paper, we discuss a suite of tools that can be
applied for downwind dispersion component problem.
These tools include the dispersion models
FIREPLUME and SMOKE, together with the meteo-
rological preprocessor SEBMET.
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BACKGROUND

A Federal Wildland Management Policy and Program
Review was conducted in 1995 in response to the no-
table increase in unplanned fires occurring in 1987-
1991 and 1995 (over 100,000 events),” and the under-
lying unhealthy condition of our public wildlands(DOI/
DOA, 1995). The review findings and recommended
actions lead to the fostering of interagency coopera-
tion (five agencies) on wildfire management and an
agreement on the need for several changes to existing
fireand land management practices (DOI/DOA, 1996).
Recommendations were made to renew emphasis on
use of fireinto Federal land management programsin
“an ongoing and systematic manner, consistent with
public health and the environment.” In 1997, the co-
operating agenciesbegan actionsto facilitatetheimple-
mentation of landscape-scale prescribed burns across
agency boundaries in the most vulnerable wildlands
as means to achieve reduction in unnatural fuel densi-
ties that contribute to increasing wildland fire haz-
ards”” Annual prescribed burn treatment targets are
projected to increase to about 1.9 to 3.4 million acres
per year (~7.7 x 10° and ~1.4 x 10° halyr., respectively)
by 2002 and 2005, respectively (Hilbruner, 1999).
Although these targets are intended to aid in the over-
all reduction of the current fire hazard and restore wild-
land ecosystems to their healthy state, a recent study
has raised questions about the utility of broad-based
fire suppression and prescribed burns, sometimes to-
gether with mechanical treatment, to imitate natural
fireregimes (Keeley, J,, et a. 1999). They found that
the occurrence of larger moreintense catastrophic wild-
firesin brush covered regions of California have been

" IntheU. S. over the past decade, asignificant increase hasoccurred in burned wildfirearea. 1n 1995, arecord number, about 130,000 of wildfires
occurred, burning roughly 2 x 10° acres (~ 8.1 x 10° ha). Effortshaveal so increased to completely suppressfires.

** About 1 million-acres (~4 x 10° ha) werefiretreated in 1997, ailmost doubling the treatment from the previous year and nearly quadrupling the

1992 prescribed burns (Hilbruner, 1999).
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intensified by past fire suppression and that prescribed
rotational burning programs are not likely to be suc-
cessful in eliminating these events. It isimportant to
note the generally held belief that fire suppression
measures have contributed to larger more intense and
increasingly destructive shrubland wildfires. Keeley,
et al. concludes that the key drivers of the California
brush-land fires are high autumn féehn winds and an
increasingly encroaching urban-wildland interface, and
that the most effective prevention strategy would beto
establish strategically located urban-wildland buffer
zones for targeting more intensive fuel management.
Thisis consistent with the Conrad and Weise's (1998)
recommended two part strategy to establish: “... 1)
strategically placed dynamic fuel management zones
in wildland areas to provide access and opportunities
for control, and 2) intensivefirerisk management zones
... to protect values in the wildland-urban interface.”

Some are saying that the above findings may raise a
new fire schism asit pertainsto the utility broad-based
fire suppression as an integrated fire management phi-
losophy. However, the currently planned national pro-
jections of prescribed burn usage are not likely to be
significantly atered (Hilbruner 1999). If these pro-
jections are foreseen, land and air quality managers
could be faced with significant public health/welfare
and safety issues from smoke and hazardous air pol-
lutants generated from prescribed burning. The health
standard issue has been clouded by a heated debate on
establishing a science-policy definition of “natural”
background visibility for assessment of regional haze
impacts and the analysis of emission tradeoffs between
wildfires and prescribed burns. In recognition of this
and other issues, the U. S. Environmental Protection
Agency (EPA) worked in partnership with Federal land
managers, including the Departments of Agriculture,
Interior and Defense, and State and tribal air and land
management agenciesto develop and issue the Interim
Air Quality Policy on Wildland and Prescribed Fires
(EPA, 1998). The interim national policy was devel-
oped in coordination with the Subcommittee on Ozone,
Particulate Matter, and Regional Haze Implementa-
tion Program formed under the auspices of the Federal
Advisory Committee Act (FACA). It urgesair quality
managers to minimize impacts of wildfire smoke and
provides incentives to States or Tribes to adopt and
implement smoke management plans. The plans are
required to cover smoke control measures, monitor-
ing, and public notification/awareness. In addition to
identifying the need for safety and contingency plans

addressing smoke intrusion, other important smoke
control components are also highlighted in the man-
agement plans. These include a requirement that the
central air quality review authority evaluate smokedis-
persion conditions and estimate impacts to sensitive
receptor areas, including identification of distance and
direction of impacts from the burn site. It also re-
quiresthat fire prescriptions submitted prior to the day
of the planned burn specify minimum requirements
for smoke dispersion (e.g., minimum surface and up-
per level winds, and mixing heights). The interim
policy will be finalized with careful considerations of
the implications from the recently published Regional
Haze Rule (July 1, 1999, FR 35713-35774) and from
discussions with a special Department of Agriculture
task force on agricultural burning. An addendum to
the interim national policy addressing agricultural
burning is expected in the fall of 1999, with a final
policy that addresses regional haze issues by the end
of year 2000 (Woodard, K. 1999). Although EPA ac-
knowledges that the policy does not establish a bind-
ing norm, they state that it does or may have current
regulatory State Implementation Plan implications.
This includes compliance with the health and welfare
air quality standards (e.g., NAAQS), general Clean
AirAct“conformity” requirements, and the new source
review rules(e.g., PSD"). Theregional hazerule, upon
settlement of implementation issues, could play asig-
nificant role in shaping future smoke management

policy.

In addition to EPA's wildfire/air quality policy initia-
tive, related efforts are being carried out by the West-
ern Regional Air Partnership (WRAP), formed in or-
der to implement the recommendations from the Grand
Canyon Visibility Transport Commission (GCVTC,
1996). Since eight of the GCVTC's recommendations
were specific to wildland fires, the WRAP established
a Fire Emission Joint Forum to assist in addressing
the Commission’swildfire-related visibility issues. The
forum’s charge is to recommend improved methods or
models for estimating smoke emissions and air qual-
ity impacts from wildland fires, and develop a fire
emission data set and tracking system (WRAP, 1999).
Theseeffortsareintended to lead to recommended strat-
egies and methods to manage fire emissions and con-
trol regional haze in the GCVTC covered western
states.

A number of the common regulatory compliance ob-
jectives and goals inherent to the above mentioned

" Aninteragency working group (NFS, NPS, FWS), known as FLAG (Federal Land ManagersAQRV Work Group) wasformed in 1997 with the
goal to “achieve greater consistency in procedures each agency usesin identifying and evaluating AQRV.” The FLAG intends to issue draft
guidanceinthe FR (beforeend of FY 99) on new methods and proceduresaimed at assessing impactsto Class| PSD areas.
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wildfire smoke mitigation/prevention initiatives will
require in some cases the development and use of spe-
cialized modeling tools and/or data systems. For ex-
ample, emissionsfrom the smoldering or residua smol-
dering combustion (RSC)" of biomass fires may pose
the largest inhal ation exposure risk to nearby residents
and firefighters, especially those involved in mop-up
operations. This is due to the combination of lower
plume buoyancy and differencesin chemical composi-
tion compared to a flaming fire, for example. Fuel
conditions (e.g., wet/dry) and weather (e.g., wind/rain)
are some of the variables affecting the rel ative produc-
tion of flaming and RSC generated compounds. None
of the currently used fuel consumption (e.g., FOFEM,
BURNUP), smoke emission (i.e., EPM) or smoke dis-
persion models (e.g., NSFPuff, VSMOKE, TSARS) are
able to characterize the RSC component of thesefires,
which under drought conditions can account for over
50% of thetotal biomassburned. In addition to smoke,
smoldering fires produce toxic smoke condensates,
some of which are known or suspected carcinogens
(McKenzie, L. et a. 1995). At least three compounds
from RSC of variousfuels producetoxic chemical com-
pounds that are also listed as hazardous air pollutants
by U. S. EPA. Preliminary evidence exists that during
the RSC, the gaseous composition of smoke changes
significantly and proportionately smaller particles are
produced. Although emissions related to the produc-
tion of respirable aerosols (PM,,) during RSC have
been measuredinthefield. Emission factors have been
derived from these ground-based measurements (Ward,
1988), but significant uncertainties still exist about
initial smoke production rates, composition, and
growth mechanisms (Yokelson, et al. 1997b). How-
ever, further laboratory experiments are currently be-
ing conducted using filters and portable remote sen-
sors (i.e., Fourier transform infrared spectroscopy) to
measure fluxes of PM, . and along with the gaseous
combustion generated components (see Yokelson, R,
et al., 1999, published in these proceedings).

Earlier this year the Forest Service issued a technical
National Strategic Plan on modeling and data required
for managing air quality impacts from planned and
unplanned wildland fires (Sandberg, et d., 1999). Its
principal intent is to serve as a technical reference to
the teams involved in smoke management policy de-
velopment and to those who will manage the devel op-
ment and application of models and data for wildland
fireair quality policy implementation. The plan, com-

monly referred to as the “Air Quality Express,” rec-
ommends nine strategies to assist land and air quality
managers in dealing with wildland fire and air quality
issues. The strategies cover research and development
needs and implementation goalsfor characterizing and
estimating wildfire source strength, air quality assess-
ments (i.e., source-receptor impact linkages), and ef-
fects on receptors. It also callsfor the development of
a readily available national database system and a
means for timely and effective public advisories/noti-
fications.

This paper describes a set of tools for smoke and fire
modeling that can be used for assessing air quality
impacts from wildfires. Background is provided on
the experimental and empirical development of the
codes, along with the theoretical formulation and model
validation. Each of the model’s distinguishing capa-
bilities and attributes are covered along with a couple
of brief examples of historical applications. A wild-
land fire-modeling framework is proposed to address
some of the modeling-data needs and goals identified
in the Forest Service's National Strategic Plan, includ-
ing the need to address regiona haze/plume blight is-
sues. Finaly, future air quality model development
and end-user needs are covered in anticipation of the
regulatory complianceimplications of EPA'sfinal wild-
land fire policy initiative and the current efforts to
manage fire emissions in concert with the protection
of Air Quality Related Values.

MODEL DEVELOPMENT OVERVIEW

The SMOKE and FIREPLUME models were devel-
oped to simulate atmospheric dispersion and air qual-
ity impacts from fires and other smoke sources (i.e.,
U.S. Army smoke generators). In this section, wedis-
cuss the development of these models while highlight-
ing their relevance particular attributesto the prescribed
burn problem. We start our discussion with
FIREPLUME, followed by the SMOKE model. The
intent here isto lay afoundation illustrating that, with
some further limited development, these models can
be combined (together with the SEBMET meteorol ogi-
cal preprocessor) to provide an integrated fire-smoke
dispersion tool for assessing the impacts from wild-
land fires.

The FIREPLUME model predicts the ground-level
concentration field resulting from chemicals emitted

* “Smoldering combustion” can be defined asacomplex mix of small flames, fuel pyrolysis(thermal decomposition of fuel), and glowing combus-
tionof char. Ittypically producesawhite aerosols predominantly generated from pyrolysis products (e.g., formaldehyde, phenol, organic acids)
and/or non-visible secondary NH, aerosol and CH, from glowing combustion. During flaming combustion black smoke of carbonaceous aerosols
and other highly oxidized compounds are produced (Yokelson, et. al. 1997a).
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from or within (1) instantaneously discharged thermals
or explosive discharges, (2) firesthat generate hot con-
tinuous plumes or (3) smoldering or decaying fires.
FIREPLUME also treats passive or neutrally buoyant
releases, which serve as alimiting case for a smolder-
ing fire. FIREPLUME consists of two components.
Thefirst is a stochastic Lagrangian dispersion model
that estimates the vertical dispersion of both buoyant
and non-buoyant releases in the atmospheric bound-
ary layer. In the following discussions, this compo-
nent is referred to as MCLDM (Monte Carlo
Lagrangian Dispersion Model). The second compo-
nent is a puff dispersion model that treats horizontal
dispersion and transient emissions from the source.
Taken together, these components provide the time
varying concentration fields resulting from releases in
which both the buoyancy and chemical releaseratevary
with time.

The FIREPLUME model is an extension of a
Lagrangian particle model (MCLDM) devel oped over
the past 10 years. Thismodel wasoriginally conceived
to predict three dimensional concentration fields aris-
ing from releases of military obscurants (fog oil and
hexachloroethane) and was motivated by the desire to
correctly represent dispersion phenomena observed
during experimental studies. Since atmospheric dis-
persion modelsavailable at that time did not adequately
account for the turbulent structure of the convective
boundary layer, development of the Lagrangian model
began with astudy of convective conditions (Liljegren
et al. 1989). The Lagrangian model developed for that
application compared very well with field data avail-
able at the time. In particular, the rising centerline
that occurs with plumes originating near the ground
under convective conditions (e.g., water tank data by
Willis and Deardorff 1974) was correctly represented
by the Lagrangian particle model. Later work by
Brown (1997) extended themodel (MCLDM) to stable
and near neutral conditions and refined it for model-
ing in the surface layer.

In 1996, the ability to treat buoyant plumes was added
to MCLDM in support of an impact analysis for fires
involving cylinders containing uranium hexafluoride
(Brown et a. 1996). Theframework for treating source
buoyancy closely follows from the so-called Brigg's
two-thirds law (see Briggs 1984), which is applicable
in cases where the buoyant source has low initial mo-
mentum. Fires clearly fall into this category (Weil
1982). As discussed in the next section, the plume
rise relationships are incorporated into MCLDM to
provide amean vertical velocity for theindividual par-
ticles. The final or limiting rise of the particles was

established using published relationships for a variety
of atmospheric conditions. Using this framework, the
vertical dispersion from a variety of buoyant release
scenarios can be evaluated, from intensely buoyant
sources typical in actively burning forest fires to very
low buoyancy sources, such as, in the residual stages
of smoldering biomass.

At the same time, a puff dispersion “post processor”
was added to MCLDM to (1) account for the horizon-
tal dispersion of the plume and (2) trandate the verti-
cal dispersion estimates of MCLDM to ground level
concentrations for scenarios involving a time depen-
dent release. MCLDM together with the puff disper-
sion post processor became the FIREPLUME model.

The SMOKE model isaPC based puff dispersion model
for predicting the transport of fog-oil smoke plumes
produced in USArmy training exercises. The SMOKE
model was developed using dispersion data from sev-
era field studies empl oying smoke generatorsor tracer
releases (e.g., SF,) together with results of the
Lagrangian particle model used within FIREPLUME.
There were two primary field studies carried out in
support of the SMOKE model development. These
experiments are the AMADEUS and the Atterbury-87
experiments, which are briefly described below.

The AMADEUS experiments were conducted in Sep-
tember and October 1987 (DeVaulll, et al. 1990, Brown,
et a. 1990). Thesitefor this study was located 22 km
northeast of Red Bluff, Californiainamoderately com-
plex terrain site along acreek valley. Through most of
the test area, the valley was 300 m wide and 150 m
deep (valley floor to main ridge). The AMADEUS
study was part of amesoscale wind field study (Project
WIND) jointly organized by the USArmy Atmospheric
Sciences Laboratory and the US Forest Service. To
take advantage the diurnal wind direction characteris-
ticsin the valley, two smoke release locations and as-
sociated sampling grids were established. For day-
time trials, smoke was sampled at several transects 25
m to 250 m from the source. For the nighttime trials,
smoke was sampled at several transects 25 m to 3,200
m from the source. The trials ranged from 12 to 67
minutes in duration with the majority of the releases
lasting between 30 min. and an hour. Fog-oil aerosol
concentrations were sampled at heights of 2 and 8 m
using aspirated filter samplers. Real-time smoke con-
centrations were al so recorded at aheight of 2 m using
an optical device. In addition, over 250 ageria photo-
graphs of the smoke plumes were taken during all but
the nighttime smoke releases (see Figure 1). Since
this study was conducted as part of Project WIND, the
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meteorology at the sitewasvery well characterized with
measurements from a variety of weather instruments.
Altogether, 12 fog-oil trials were conducted: seven
during stable meteorological conditions and five dur-
ing unstable conditions.

TheAtterbury-87 experimentswere conducted in atall
grassprairiein south central Indianain November 1987
(Liljegren, et a. 1989, DeVaulll, et al. 1990). Thetest
areawasalargetall-grass meadow surrounded on three
sides by hills 25 to 50 m high. The immediate test
areawasrelatively flat with amoderate downward lope
of between 1 and 2 % from northwest to southeast.
The ground cover during the period of the study was
roughly 1 m high and fairly uniform across the test
area. The area surrounding the site was densely for-
ested in all directions with deciduous trees 10 to 20 m
tall. The terrain and vegetation features of the sur-
roundings affected the surface turbulence structure as
well as the wind field although the flat terrain and
regular ground cover within the test area itself pro-
vided a nearly uniform flow. All smoke releases were
at a height of approximately 1-2 m, and the duration
of the smoke releases spanned from 25 min. to 76 min.
Five of the tests employed HC (hexachloroethane)
smoke released by “smoke pots,” and the other four
tests used fog-oil smoke released from asingle M3A4
fog-oil smoke generator. Mean and real time fog-ail
aerosol concentration was measured across several

transects spanning 50 m to 675 m from the release
points. Meteorological parameters were measured at
5 levels on a 10-m tower near the center of the sam-

pling grid.

As mentioned in the discussion of the FIREPLUME
model, dispersion phenomena observed during these
experiments initially led to the development of a
Lagrangian particle model. However, for use in troop
exercises involving obscuration, the military needed a
faster running model that could be run on a PC in the
field. Using the concentration data from the two men-
tioned experimental studies as well as published re-
sults from other studies, a semi-empirical integral dis-
persion model applicable to ground level sources was
developed and adapted to a puff dispersion framework.
In development of the integral model, a parametric
analysis of dispersion estimates from MCLDM (see
Brown 1997) was performed to allow extension to a
wider range of conditions than are provided in the ex-
perimental data. The puff dispersion framework al-
lowed other phenomena important to the problem to
be more completely addressed while allowing the model
to be put into a fast running PC form. Five issues
particularly relevant to both fog-oil smoke dispersion
and prescribed burns were closely examined and ad-
dressed in the model. These are: (@) convective liftoff
of plumes generated from near-surface rel eases during
strongly unstable conditions, (b) terrain and vegeta-
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tion effects on plume dispersion, (c) transitional me-
teorology, (d) the short duration of smoke releases and
(e) the surface deposition of suspended smoke aerosol.

The remaining component of the SMOKE PC model
that has not been discussed isthe meteorol ogi cal model
SEBMET (Surface Energy Budget METeorological
model). SEBMET estimates surface sensible and la-
tent heating of the atmosphere, friction velocity and
mixing height using routinely available meteorologi-
cal datatogether with landcover characteristics which
can be either user specified or defaulted to valuesfrom
a nationa landcover database in the code. The esti-
mation of atmospheric turbulence parametersisacriti-
cal component of the overall dispersion problem espe-
cialy for buoyant releases, which depend strongly on
the structure of the lower atmosphere. SEBMET is
built from a detailed analysis of the energy budget at
the surface of the Earth together with anintegral model
that predicts the growth of the daytime or convective
boundary layer. It has recently been extended to in-
clude short-term forecasting and data estimation for
missing or unknown observational data.

Since both SMOKE and FIREPL UME were devel oped
under a common stochastic modeling framework, it
would be a natural extension to couple the models for
applications requiring the strengths of both models.
Thisideawill be further explored later in the paper.

MODEL FORMULATION

In this section, we provide an overview of the formu-
lation for the FIREPLUME and SMOKE models.
Additional details can be found in the cited technical
reports.

The core component of the FIREPLUME model is
MCLDM, introduced in the previous section. In this
model, the Lagrangian trajectories of a large number
of particles are simulated to devel op the mean concen-
tration field directly from the probability density func-
tion of the particle positions. The particle trgjectories
are calculated using atmospheric boundary layer sta-
tisticsaswell asinitial source buoyancy. To calculate
particletrajectories, the Lagrangian model employsthe
Langevin equation, which provides a realistic physi-
cal description of particle behavior in a turbulent
flowfield. Application of the Langevin eguation to
model turbulent motion takes advantage of the fact that
time scalesgoverning accel eration variations are much
smaller than the time scales governing velocity varia-
tions. Indeed, for the atmospheric boundary layer, this

proves to be a very good assumption as illustrated in
the photographic evidence of van Dop et al. (1985).

For one dimensional particle motion in the vertical
direction, the Langevin equation reads:

aw  w

da T, 0 @)
where, w isafluctuating velocity component, T isthe
Lagrangian time scale and &(t) is a white noise ran-
dom process. For homogeneous turbulence, integra-
tion of this stochastic differential equation provides
the following Markov-chain relationship for the par-
ticlevelocity,

w(t+At) = [1—$t)w(t) +u 2

L

where, =0 and 2_2Ato,
S
L

Here, u is arandom forcing function that is Gaussian
for homogeneous turbulence. Reid (1979) and Ley
(1982) haveillustrated the applicability of the Langevin
equation for modeling dispersion in the homogeneous
neutral surface layer and have shown that predicted
vertical distributions of particles(i.e., vertical concen-
tration profiles) are in close agreement with experi-
mental data

The application of Langevin approach to model dis-
persion in vertically inhomogeneous turbulence, such
asthat seen in the convective boundary layer, is more
complicated. Early investigators noted that the addi-
tion of a mean vertical velocity was necessary to pre-
vent particles from clustering in regions of low verti-
cal velocity variance or low Lagrangian time scale.
Thomson (1984, 1987) further argued that additional
moments of the random forcing function needed to be
modified to prevent unphysical particle behavior. By
requiring the steady state density function of the par-
ticle distribution to approach the density function of
the air as specified by the Eulerian velocity moments,
Thomson (1984) derived a general expression for re-
lating the moments of p to the Eulerian velocity field.
Thomson’s expressions include a mean vertical veloc-
ity, corrections to the variance of p and expressions
for higher order moments of . Liljegren et al. (1989)
employed Thomson's approach to study dispersion in
the convective boundary layer using Eulerian velocity
moment data from both atmospheric and water tank
studies. Concentration predictions from these studies
agreed very well with water tank concentration data
reported by Deardorff and Willis (1985) as well as at-
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mospheric concentration datafromtheAMADEUSand
Atterbury-87 field experiments previously discussed.

For application of MCLDM to near-neutral and stable
conditions, statistics for these boundary layers as de-
termined from several numerical and observational
studies are also incorporated into the model. In addi-
tion, the lower boundary (i.e., the ground) is properly
represented by incorporating the necessary turbulent
statistics through the surface layer, including areais-
tic canopy layer. (see Kaimal and Finnigan [1994] for
adiscussion of in-canopy turbulence). Better estimates
of near-ground concentrations, especialy from low-
level sources, are provided through improved treatment
of the lower atmosphere turbulent structure, including
the canopy layer. Brown (1997) illustrates the appli-
cability of this model to unstable, near neutral and
stable conditions through comparison to data from a
variety of field studies.

To address continuous buoyant sources such as fire
plumes, we use a representation of Brigg's two-thirds
law since the initial momentum of afire plumeisin-
significant in comparison with the plume buoyancy.
Although Brigg's relationship is primarily used for
stack emissions, its extension to fire buoyancy is
straightforward. Expressed in terms of Froude num-
ber and velocity ratio K, and including virtual source
effects, Brigg's two-thirds law reads:

3 1/3
2
Ah— 3roX N T, (3
4B°F?K? g g
where Ah is the plume rise, x is the downwind dis-
tance, rq is the fire radius [m], K is the velocity ratio

(K = Ulwy), B is the entrainment coefficient and F is
the Froude number. The Froude number is;

W2 1/2
Fof| o | (4)
2A prog
where wg istheinitia vertical velocity [m/s], p isthe

air density [kg/m®] and Ap istheinitia density differ-
ence between ambient air and the fire plume.

Equation (3) can be used to predict fire plume rise in
both stable and unstable conditions (i.e., into both posi-
tive and negative temperature gradients). Due to the
effectsof entrainment into the plume and thermal strati-
fication of the atmosphere, however, the rise of the
fire plume is limited. For stable conditions, plume
rise is limited by thermal stratification. Based on a

survey of field data Briggs (1984) suggests that the
final risein stably stratified air is (in terms of F and K)

U ) 1/3
lo
where Ahs isthe final risein [m] and N is the Brunt
Vasaila frequency.

For neutral conditions, ambient turbulence, rather than
thermal stratification, limits the rise by breaking up
the plume. The final rise in this case is the level at
which the internal turbulent dissipation rate of the
plume matches the ambient turbulent dissipation rate.
Equating these quantities, Brigg's (1984) specifiesthe
final rise as

fUZJ ©6)
U,

where u,, isthe friction velocity (m/s).

In unstable conditions, plume rise is also limited by
turbulence. Here, however, the turbulent dissipation
of the downdrafts is equated with the plume dissipa-
tion rate since downdrafts are responsible for bringing
elevated material to ground level. Under this premise
Briggs (1984) and Weil (1987) suggest

3/5

ro U 2 .2
ah, = 45(4FKZWJ "
where zj is the inversion height [m]and w, isthe
convective velocity scale [m/g].

In practice, the neutral plume rise relationship serves
as alimiting case within our framework since both the
stable and unstable limiting rise relationships go to
infinity as neutral conditions are approached. We use
the lesser of the stable or unstable fina rise estimate
(which ever is applicable) and the neutral estimate.
Therefore, in unstable conditionsthefinal riseisgiven
by:
Ah, = min {Ah, [Eq. (7)], Ah, [Eq. (6)]},

whereas for stable conditions

Ah, = min {Ah [Eq. (5)], Ah, [Eq. (6)]}
Aspreviously discussed, apuff dispersion post proces-
sor isused to translate the vertical dispersion estimates

from the Lagrangian model to a ground level concen-
tration field from atime varying source. The puff dis-
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persion model is constructed in a standard manner.
Thereleaseisbroken up into a series of 2-dimensional
Gaussian puffs|[i.e., (x,y,z = 0)] that are released on a
certain time interval (typicaly 10 s. to 1 min.). Each
puff is advected downwind while growing in lateral
and streamwise directions. The concentration at a
particular point at aparticular time C(x,y,t) is provided
by summing the contributions from all the puffs such
that

CoyD=3 ®

= (27[)3/20' 0,0,

oo -2 o {52

where N isthe number of puffs;andM,, 5, o, o, and
tj are the mass, plume spread parameters and release
times for each puff i. The o, values in Eq. (8) come
directly from the MCLDM simulations. Here, o, is
not the true ¢, as determined from the vertical concen-
tration distribution, but is rather a fitting parameter
that when inserted in the puff dispersion model will
provide the correct ground-level crosswind integrated
concentration. The o, relationship for each puff cor-
responds to the buoyancy for that puff. In the puff
model, we assume transverse and streamwise diffusion
of the puffs are equal (i.e,, o, = cy). The horizontal
plume spread parameters are estimated using the rela-
tionships by Draxler (1976) for stable conditions and
Weil (1988, Eg. 4.61) for unstable conditions. En-
hancement of o, due to buoyancy effects is neglected.
For the applications considered with FIREPLUME to
this point, this is an adequate approximation. How-
ever, for extension to wildland fires and prescribed
burns, enhancement of ¢, dueto buoyancy effectsmight
be important and can be easily added to the model.

As discussed previously, both SMOKE and
FIREPLUME originate from a common stochastic
modeling framework embodiedin MCLDM. However,
in SMOKE, MCLDM dispersion estimates have been
parameterized into asemi-empirical integral model that
provides the crosswind integrated concentration as a
function of time from release. Thisintegral model is
applicableto afull range of meteorological conditions
but is limited by the fact that it does not treat source
buoyancy. A description of this model is beyond the
scope of this paper, but is contained in Brown (1997).
The puff framework used within SMOKE issimilar to
that illustrated above in Eq. (8), except that puffs are
advected randomly using a Langevin type equation,
similar to Eq. (2). Indoing this, the growth rate of the

puffs is set such that correct the plume spread is cap-
tured.

The puff dispersion framework allows treatment of
many aspects of the obscurant release problem that is
directly applicableto the prescribed burn problem. The
most obvious of theseisthe ease at which puff models
treat multiple, time varying sources which may also
be moving. In addition, the puff framework allows
SMOKE to adequately treat releases of short duration
and allows the effects of temporal changes in meteo-
rology to be properly modeled. Besidestheseintrinsic
attributes, the puff framework in SMOKE providesfor
the convenient treatment of deposition and terrain ef-
fects, which are discussed below.

In the SMOKE model, deposition is treated using a
deposition velocity formulation. Here, the deposition
flux isgiven by

Fa (xy) = v, C(XY.2)@zo, ©)

where F, (x,y) is the deposition flux [kg m? s'], C
(x,y,z)I@Z:0 is the ground-level concentration (kg m?)
and v, is the deposition velocity [m s*]. The deposi-
tion calculation centers around estimation of the depo-
sition velocity, which depends on many factors such
as particle size, meteorology and surface characteris-
tics. The deposition velocity model employed in
SMOKE is based on the Urban Airshed Model (UAM;
Gray 1991) with a modification suggested by EPA
(1994). The UAM deposition model as modified by
EPA was the best performer in terms of average depo-
sition velocity in adetailed review of severa state-of-
the-art dry deposition models that can be applied with
routinely availablelandcover and meteorological data.

Terrain effects are currently treated using a combina
tion of two physical models for puff motion. Thefirst
issimplein that is does not allow the puffsto intersect
with terrain features, forcing puffsto preferentially go
around obstacles unlessthe obstacle is smaller that the
puff itself. The second adjusts the puffs advection ve-
locity based on surface slope and atmospheric stabil-
ity. In unstable meteorology with strong surface heat-
ing, puffs will preferentially travel upslope. In con-
trast, during stable conditions with surface cooling,
puffswill preferentialy travel downslope. The stabil-
ity dependent terrain component is added to the mean
local wind speed so that they become relatively unim-
portant in the presence of a strong synoptic forcing
flow.
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DISTINGUISHING CAPABILITIESAND
MODEL LIMITATIONS

The strengths of a proposed SMOKE-FIREPLUME
modeling system (see discussion below) are its ad-
vanced treatments of vertical dispersion, itsinclusion
of RSC buoyancy effects, and its ability to address all
fire release conditions, flaming, glowing, and smol-
dering. The system is capable of simulating smoke
dispersion over complex terrain, and relies on state-
of-the-science methodsfor particle/vapor cloud disper-
sion estimation. In addition, its PC-based format is
particularly well suited to in-field or “real-time” smoke
management or wildfire emergency response applica-
tions.

The modeling system is limited to local spatial scales
starting at the fire front and extending downwind dis-
tances not exceeding about 10 to 50 km (or temporal
scales less than 2 to 3 hrs). Also, model predictions
have not been compared and evaluated with planned
wildland firefield or laboratory measurements (Lazaro,
et a. 1998).

HISTORICAL APPLICATIONS

Although the above referenced SMOK E-FIREPLUME
modeling system has not yet been implemented and
applied in practice, the models have been used indi-
vidually in several consequence-exposure assessments
for regulatory and/or training purposes. Two recent
applications are highlighted below.

As previously noted, the first application of
FIREPLUME involved the prediction of healthimpacts
resulting from releases of uranium hexafluoride (UF,)
in firesin support of the Final Programmatic Environ-
mental |mpact Statement for Alternative Strategies for
the Long-Term Management and Use of Depleted UF,
(DOE/EIS-0269, http://web.ead.anl.gov/uranium/
finalpeis.cfm). In this application, three phases of re-
lease and dispersion of UF, were treated. The first
phase of release followed the hydraulic rupture of the
cylinder due to heating of the uranium hexafluoridein
the fire. In this phase, a large quantity of the UF,
byproducts (UO,F, and HF) were generated upon the
emission of UF, and the reaction with water vapor in
the air. This resulted in a dlightly buoyant thermal.
The second phase involved the emission of material
into the burning fire resulting in buoyant plume type
of release. The third phase involved the emission of
material after the fire had died during the cool-down
or smoldering period. This phase continued until the
fire remnants cool ed to the point where the release rate

of UF, byproducts was negligible. Human health end
pointsrelating to potential lethal and irreversible health
effectswere then used to quantify theimpact areasfrom
the ground-level concentration predictions. Altogether,
three different fire scenarios were modeled with ava-
riety of container configurations involving both large
and small cylinders. Further details of the modeling
effort are contained in (Brown, et al. 1996).

Another study involving FIREPLUME Model entailed
the calculation of impacts downwind of accidental fires
caused by lightning or weapons training exercises at
Aberdeen Proving Ground. Emissionsfromthosefires
included both wood burning and some chemical agent
re-emitted due to the fire. The FIREPLUME model
simulated three phases of the emissions and predicted
impacts both onsite and offsite from the proving
grounds. The model predicted both plume rise and
dispersion from the fire and smoke from which agent
deposition and human health inhalation impacts were
determined. The impacts due to a range of meteoro-
logical conditions were evaluated.

MEETING FUTURE SMOKE
MANAGEMENT NEEDS

One of the “Air Quality Express’ recommendations
coming from the Forest Service's National Strategic
Plan for modeling air quality impacts from wildland
fires was the development of a comprehensive smoke
management system linking fire behavior, fuel con-
sumption, emissions, and dispersion models. Empha
sisisplaced on the need for developing a user friendly
system that accurately represents the full array of fuel
typesand conditions. A desirewasindicated for model
outputsthat could beintegrated acrossall spatial scales.
A simple conceptualization of how a comprehensive
smoke management system might look is depicted in
Figure 2. Although the proposed modeling framework
is built around a PC based tool (i.e., the SMOKE-
FIREPLUME modé air dispersion model, for event to
landscape applications), more complicated regional or
continental scale air dispersion models could be se-
lected dependent on end-user needs. The integrated
system depends on important parameter outputs from
established and developing fuel consumption/ behav-
ior and emission models. With the exception of CON-
SUME, none of these models are currently capable of
addressing smoldering and/or glowing combustion ef-
fects. Thefuel consumption algorithm in CONSUME
is currently being upgraded to improve its simulations
of smoldering combustion. New fuel consumption al-
gorithms are being added to extend the model to na-
tional scale applications. The Emission Production
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Figure 2: Simplified Conceptualization of Prescribed Burn and Wildfire PC Modeling System

Model (EPM) islinked to CONSUME and islikewise
currently being upgraded to address the smoldering
source-term and initial plume dynamics. Other link-
ages from FCC (Fuel Characteristic Classes) and
FARSITE (data layer development) to EPM are also
being planned. These improved model s/databases,
especialy inthe RSC area, would provide valuable data
(i.e., model outputs) on time varying emission rates
for gases, particles, and heat. The data could be easily
linked to the SMOKE-FIREPLUME model. Emis-
sions, heat flux or temperature data, along with the
necessary meteorology (e.g., winds, stability) would
allow the simulation of smoldering plume dynamics
(low- or non-buoyant effects that result in low-level
ground hugging drift plumes) in estimating downwind
prescribed burn or wildfire air quality impacts. As
shown in Figure 2, the information coming from
SMOKE-FIREPLUME could be fed to tools, such as
FASTRAC, as an aid to smoke management decision
support. As mentioned earlier, the SMOKE-
FIREPLUME model islimited to fire applications for
assessing local to mid-regional scaleimpacts(i.e., event
to state/tribal ecological scales as defined in Sandberg,
et a. 1999) from RSC smoke and toxic gas plumes.
The desire for integration across multiple scales is
possible but would require models of increasing com-
plexity that might hinder the “Air Quality Express’
team’s recommended goal of keeping the modeling
system simple and user friendly.

Although currently capable of limited use in targeted
risk management zones (e.g., prescribed burns in a
small urban-wildland interface area), further model
refinement and eval uation has been recommended be-
fore consideration of wider smoke management appli-
cation (Lazaro, et a. 1998). Theidentified model and
modeling system end-user enhancementsand improved
science needs include:

Refinements to smoldering/glowing and flaming
plume rise algorithms, accounting for temporal
and spatial variations in plume buoyancy and
further accounting for the effects of plume buoy-
ancy on vertical and horizontal dispersion. The
approach would depend upon the degree of suc-
cessinincorporating the computation of spatially
and temporally varying heat flux across varying
fud types within the EPM. Another approach
would to consider incorporating the relevant fire
stoichiometry and chemistry (primary exother-
mic reactions) for both flaming and non-flam-
ing fuelsinto the SMOKE-FIREPLUME model.

Improve the treatment of Visibility impairment,
especialy under residual smoldering and glow-
ing combustion (slightly or neutrally buoyant
plumes) in al fuel types (i.e., including deep or-
ganic layers). Both black and white wildland
fire smoke will affect visual range degradation.
The optical properties of black smoke generated
during flaming combustion may absorb signifi-
cant amounts of solar radiation while white
smoke generated during smoldering combustion
conditionsismorereflective (e.g., higher albedo).

Comparison and evaluation of model perfor-
mance with data from prescribed burn field or
laboratory experiments, for arange of fuels (i.e.,
evaluate fuel type influences, testing and valida-
tion).

Integration and linkage with existing fire and
smoke management tools and databases (e.g.,
EPM, CONSUME, BDB, WIMS-GOES, FETM).
This would include refinement and adaptation
of the existing graphical user interface within the
SMOKE-FIREPLUME model, consistent with
end-user needs (see Figure 3). Emphasis would
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be placed on providing model outputs that are
user relevant and easy for air and land managers
to understand.

o Makereal-timelocal weather information avail-
able through the development of local meteoro-
logical data input to the consumption, emission
and dispersion models when used in the field.
This could include interface with data from ex-
isting instrumented (with necessary modification)
small portable meteorological towersand/or con-
nection to the nearest weather station.

An air modeling system as illustrated above could be
valuable to land and air resource managers in plan-
ning, operating and monitoring wildfire land and
smoke management activities and in implementing
policy objectives. Such asystem could aid in the plan-
ning, design and implementation of prescribed burns
that minimize health and safety risks to firefighters
and the public. Integration of real-time weather fore-
casts could further reduce these risks and help elimi-
nate or significantly reduce property damage and nui-
sance complaints. The extent of air quality impacts
computed before initiating a prescribed burn would be
important to effective emergency response planning
and plume trajectory forecasts would be valuable dur-
ing a prescribed burn in alerting and/or notifying the
public of potential smoke and fire danger. Since con-
trol and containment of smoke and toxic gases ema
nating from RSC may have significant local conse-

guences, the relative impacts of smoke emission re-
duction alternatives (e.g., target area concentration
burning to reduce burn area, mechanical fuel removal
to reduce fuel loading, helitorch burns to reduce fuel
consumption) could be evaluated and used by land and
resource managersin choosing aternative smoke man-
agement options.
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